Inositol phosphate kinase 2 (Ipk2), also known as IP multikinase IPMK, is an evolutionarily conserved protein that initiates production of inositol phosphate intracellular messengers (IPs), which are critical for regulating nuclear and cytoplasmic processes. Here we report that Ipk2 kinase activity is required for the development of the adult fruit fly epidermis. Ipk2 mutants show impaired development of their imaginal discs, the primordial tissues that form the adult epidermis. Although disk tissue seems to specify normally during early embryogenesis, loss of Ipk2 activity results in increased apoptosis and impairment of proliferation during larval and pupal development. The proliferation defect is in part attributed to a reduction in JAK/ STAT signaling, possibly by controlling production or secretion of the pathway's activating ligand, Unpaired. Constitutive activation of the JAK/STAT pathway downstream of Unpaired partially rescues the disk growth defects in Ipk2 mutants. Thus, IP production is essential for proliferation of the imaginal discs, in part, by regulating JAK/STAT signaling. Our work demonstrates an essential role for Ipk2 in producing inositide messengers required for imaginal disk tissue maturation and subsequent formation of adult body structures and provides molecular insights to signaling pathways involved in tissue growth and stability during development.
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inositol phosphates | inositol phosphate multikinase | Ipk2 | IPMK | Upd A t the confluence of numerous signaling pathways is phospholipase C (PLC)-mediated production of the second messenger inositol 1,4,5-trisphosphate (IP 3 ), a key regulator of intracellular calcium release (1) . IP 3 also serves as an essential substrate for the synthesis of inositol phosphates (IPs) and pyrophosphates (PP-IPs) that are critical for eukaryotic cellular function in their own right (2) (3) (4) (5) (6) . Phosphorylation of IP 3 by conserved inositol phosphate kinases (IPKs) leads to the synthesis of complex pools of different IP species (6) . Insights into the cellular functions of IPs have been gleaned by perturbing their synthesis through genetic manipulations of the IPKs. Consequently, defects in specific cellular processes were attributed to losses of particular IPs. This revealed that IPs are specific regulators of diverse cellular processes, such as transcription, chromatin remodeling, DNA repair, RNA editing, and RNA export (3) (4) (5) (6) (7) .
An essential enzyme for the conversion of IP 3 to the array of IP and PP-IP species found in cells is the evolutionarily conserved inositol phosphate kinase 2 (Ipk2, Fig. 1A ), which is also known as IP multikinase (IPMK) (4) . Ipk2 was first identified in yeast as a nuclear enriched protein whose activities toward the 6-and 3-positions on the inositol ring sequentially convert IP 3 to IP 4 , and then IP 5 (Fig.  1A ) (8) (9) (10) . Yeast Ipk2 mutants that fail to produce IP 4 and IP 5 exhibit defects in transcriptional responses and chromatin remodeling (3). Additional "multikinase" activities described for certain Ipk2 orthologs indicate an array of IP substrates, as well as the inositol lipid PIP 2 (5, 11) . Loss-of-function analysis of Ipk2 in a variety of species, cell types, and organisms demonstrates its requirement for proper metabolism and cellular functions (3, (12) (13) (14) .
As we determine how IPs are synthesized in cells and identify the processes that they regulate, it is also critical to understand how these messengers function in metazoans. The generation of mutant animals has revealed that IPKs are required for development and viability; however, the loss of a gene product alone, without complementation analysis, limits interpretation of the role of the inositide products in organismal physiology. To further our understanding of the roles of IP messengers, we report here our examination of the role of Ipk2 and its kinase activity in the development of a genetically tractable metazoan, Drosophila melanogaster. Building on previous studies establishing a molecular basis for IP metabolism in flies (15), we report that Ipk2-dependent production of IP messengers is critical for adult epidermal development, specifically through regulation of cellular proliferation and apoptosis. Our data link Ipk2 activity to the control of proliferation, in part through interactions with JAK/STAT signaling. This demonstrates a specific role for Ipk2-produced IPs in regulating developmental pathways involved in tissue growth and stability.
Results
IPs Are Required for Development and Viability. To identify roles for IPs in Drosophila, we generated Ipk2 deletion mutants. The ipk2 G3545 line contains a P-element insertion within the 5′ untranslated region of the Ipk2 gene (Fig. S1A ). Although these flies have near-complete losses of Ipk2 and its IP products, they are developmentally normal. We therefore generated Ipk2 null animals by mobilizing the ipk2 G3545 P-element and obtained two independent imprecise excision alleles: ipk2 20B and ipk2
40B
. The entire opening reading frame of Ipk2 is deleted in ipk2
20B
, whereas ∼90% is excised in ipk2 40B ( Fig. S1 A and B) . Ipk2 protein
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Inositol phosphate kinase 2 (Ipk2) is a conserved protein that initiates the production of inositol phosphate intracellular messengers that are critical for regulating a variety of cellular processes. Here we explore the developmental roles Ipk2 and its products in Drosophila. We report that Ipk2 kinase activity is required to develop adult body structures including eyes, legs, and wings, which are formed by tissue known as imaginal discs. Although Ipk2 mutant discs seem to pattern normally in embryogenesis, during larval development they fail to undergo normal expansion. We find defects in signaling pathways that control both cell death and proliferation. Our work demonstrates a specific role for Ipk2-produced intracellular messengers in regulating developmental pathways involved in tissue growth and stability. This article is a PNAS Direct Submission. was not detectible in homozygous ipk2 20B third-instar larvae, further confirming that the gene had been removed (Fig. S1D) . Eighty-five percent of homozygous mutants for either ipk2 allele survived through the larval stages, but their pupation was delayed by about 12 h relative to wild type (Fig. S1C ). Homozygotes and transheterozygotes (ipk2
) died during pupation, with no flies reaching eclosion. We focused on the ipk2 20B allele in subsequent experiments (hereafter referred as ipk2). This preliminary analysis of ipk2 mutants indicates that the gene is critical for progression through development, and for viability.
Examination of the mutant pupae revealed defective eyes, wings, and notum ( Fig. 1 B, C , and G-L). The "rough" eyes had missing or disordered omatidia and bristles that became progressively less defective from anterior to posterior ( Fig. 1 G and  H) . ipk2 wings were small ( Fig. 1 B, C, I , and J) and bristles on the notum were disordered and missing ( Fig. 1 K and L) . Fifty-six percent of ipk2 mutants formed symmetrical degenerative holes on their posterior notums ( Fig. 1 K and L) , with a similar percentage developing a single hole in the thoracic region of their ventral midline. These defects suggest an Ipk2 requirement in forming and/or maintaining external body structures.
We tested the requirement of Ipk2 and its IP products for development and viability. The morphological phenotypes and lethality of the ipk2 mutants were fully rescued when an Ipk2 transgene (UAS-Ipk2) (15) was ubiquitously expressed in homozygous ipk2 mutants, demonstrating that the phenotypes were due to loss of the protein ( Fig. 1D and Fig. S2 ). In contrast, a catalytically inactive point mutant (UAS-ipk2 D276A ) could not rescue any mutant phenotypes, indicating that kinase activity was critical for Ipk2 function ( Fig. 1E and Fig. S2 ). Expression of catalytically conserved orthologs from Saccharomyces cerevisiae and Arabidopsis thaliana (scIpk2 and atIpk2, respectively) (10, 16) also rescued ipk2 lethality and developmental defects, despite their low sequence identities with Drosophila Ipk2 (22 and 31% identity, respectively; in Fig. 1F scIpk2 is shown). Thus, the kinase activity of Ipk2, and hence its IP products, are required for normal development and viability.
An Essential Role for Ipk2 in Body Morphogenesis. Analysis of embryonic (17) and larval ( Fig. S1E ) gene expression revealed that maternally derived mRNA caused Ipk2 to persist into the second instar larval stages in ipk2 mutants. We hypothesized that this maternal contribution had partially rescued the ipk2 zygotic (ipk2 ZYG) mutants described above. Therefore, ipk2 germ-line clones (ipk2 GLCs) were generated using the flippase-dominant female sterile technique (18) to abolish the maternal mRNA and test the consequence of removing the gene product throughout development (Fig. S1D ). Like the ZYG mutants, the ipk2 GLCs survived through larval development and arrested as pupae ( Fig.  2 A-C) . This suggested that larval tissues were largely unaffected in the GLC mutants, despite removal of maternal and zygotic Ipk2.
In contrast to ipk2 ZYG animals, the ipk2 GLCs failed to form an adult outer body (epidermis) during pupation, including the head, thorax, wings, abdomen, and legs (compare Fig. 2 B and C). ipk2 GLC larvae contained a central nervous system but lacked the larval precursor tissues that form the adult epidermis, the imaginal discs ( Fig. 2 D and E). This revealed a critical role for Ipk2 in forming imaginal discs. One possible explanation for their absence in the ipk2 GLCs was their lack of specification as imaginal disk precursor cells in embryogenesis. To test this, we probed for the presence of Distal-less transcripts, which mark leg disk precursor cells (19) . ipk2 GLCs and wild-type embryos had similar Distal-less expression patterns, indicating that the mutant embryos specified leg discs normally (Fig. 2 F and G) . This indicates that the disk precursors formed in ipk2 GLCs and were either lost through cell death or failed to proliferate during early larval stages.
ipk2 Mutants Undergo Apoptosis. We hypothesized that increased cell death could explain ipk2 defects, such as the "rough" eyes Imaginal tissues are absent in the ipk2 GLC. Central nervous system and associated imaginal discs from (D) wild-type (E) and ipk2 GLC third-instar larvae. White arrows point to eye/antennal (EA) and leg discs (L). (F and G) Leg discs are specified normally in ipk2 GLCs. In situ hybridization using Distal-less probes on (F) wild-type and (G) ipk2 GLC germband-extended embryos. White arrows show leg disk primordial cells.
and small wings ( Fig. 1 H and J) , the degenerative holes on the thorax (Fig. 1L) , and the lack of imaginal discs despite their specification in the GLCs (Fig. 2 C, E, and G) . Therefore, we tested whether loss of Ipk2 leads to increased cell death. Indeed, ipk2 ZYG imaginal discs were prone to apoptosis as they showed increased DNA fragmentation (Fig. 3 A and B) , a hallmark of programmed cell death (20) . Increased cell death was found in all mutant imaginal disk tissues but was similar to wild type in other tissues such as salivary glands, gut, and fat bodies.
We examined the requirement of the canonical apoptotic machinery in mediating cell death in ipk2 imaginal discs. Apoptosis requires the activation of caspases that cleave different substrates to induce an orderly dismantling of the cell (21) . The baculovirus caspase inhibitor protein p35 is a specific genetically encoded tool capable of blocking apoptosis (22) . Expression of p35 in ipk2 wing discs suppressed the abnormal cell death, indicating that it was caspase-mediated apoptosis (Fig. 3 C and D) . Caspases are classified as either initiators or effectors, with initiators inducing apoptosis by cleaving and activating the effectors that bring about cell death (21) . The major initiator caspase in Drosophila is Dronc, and therefore we examined the consequence of its removal in ipk2 mutants. ipk2 dronc double-null flies lacked increased cell death, indicating that the caspase is necessary for apoptosis in the ipk2 discs (Fig. 3E) . These data are consistent with a role for IPs in regulating apoptosis via a caspase-dependent pathway.
We examined possible upstream signaling pathways that could initiate apoptosis in the ipk2 mutants. p53 initiates apoptosis during stress responses and development (23) . Apoptosis was not suppressed in an ipk2 p53 double mutant (24) , where the entire p53 gene was excised (Fig. 3F) . Additionally, a transgene expressing a dominant-negative form of p53 (25) was unable to suppress apoptosis in the ipk2 mutant. Thus, p53 does not contribute to IP-mediated apoptosis.
We previously examined altered gene expression in ipk2 mutant imaginal discs and found that two transcripts linked to apoptosis, Puckered and Reaper, had increased expression relative to wild type, and could possibly be the cause of apoptosis. Puckered is a phosphatase whose expression increases to antagonize activated JNK signaling that can induce Reaper-mediated apoptosis (26) . This prompted us to investigate the possibility that the JNK pathway induces apoptosis in ipk2 mutants. We generated ipk2 flies containing reporters of either Puckered or Reaper expression. ipk2 mutants showed increased expression of the Puckered reporter ( Fig. 3 G and H) , which indicated that JNK was activated (26) . Additionally, Reaper expression was detected throughout the wing disk compared with its restricted pattern in a wild-type disk (Fig. 3 I  and J) . This suggested that IPs negatively regulate Reaper-induced apoptosis in imaginal discs through JNK signaling.
To further test whether JNK mediates apoptosis in the ipk2 mutant, we expressed a dominant negative form of JNK (JNK.DN) (27) in the posterior half of the ipk2 mutant wing disk. The JNK.DN transgene effectively blocked Puckered expression as judged by the loss of puc-lacZ staining (Fig. 3K) , indicating that the increased JNK signaling in the ipk2 mutant discs was successfully suppressed. Although JNK.DN effectively suppressed JNK signaling as measured by decreased puc-LacZ expression, the transgene was unable to decrease the levels of apoptotic cells (Fig. 3L) , suggesting that JNK is not required for initiation of apoptosis in ipk2 mutants. Therefore, apoptosis due to the loss of ipk2 occurs through a different pathway.
ipk2 Mutants Have Cellular Proliferation Defects. The finding that ipk2 GLC larvae lack imaginal discs may suggest that they fail to proliferate after being specified in embryogenesis. We examined whether ipk2 ZYG wing discs displayed cellular proliferation defects; 5′-bromo-2′-deoxyuridine (BrdU) incorporation analysis revealed that ipk2 ZYG discs from third-instar larvae had reduced DNA synthesis relative to wild type, suggesting that loss of Ipk2 leads to proliferation defects (Fig. S3A) . We also used clonal analysis to compare the proliferation rates between wildtype and ipk2 wing discs (Fig. S3B) (28) . This led us to examine the role of Ipk2 in JAK/STAT signaling, given that the pathway regulates cellular proliferation (29) .
As previously reported, RNAi-mediated knockdown of Dome or Ipk2 in cell culture caused a loss of transcription from the STAT reporter (Fig. 4A) . We addressed whether this defect was due to loss of Ipk2 products or downstream IPs. Ipk2 initiates the synthesis of the majority of IPs in flies by sequentially phosphorylating IP 3 to IP 4 and IP 5 , which then is phosphorylated by Ipk1 to produce IP 6 (Fig. 1A) . Consequently, RNAi knockdown of Ipk2 causes a reduction in cellular levels of IP 6 (15) (Fig.  S4A) , which raises the possibility that it is the IP mediator of JAK/STAT signaling. However, RNAi knockdown of Ipk1 did not decrease transcription, but instead caused increased reporter activity (Fig. 4A) . This increase might be explained by the observation that knockdown of Ipk1 causes a corresponding buildup of its IP 5 substrate (15) (Fig. S4A) , and therefore the increased IP 5 levels might boost JAK/STAT-mediated transcription. Our data are most consistent with the conclusion that production of IP 4 and/or IP 5 is sufficient for JAK/STAT-mediated transcription, whereas IP 6 seems dispensable. However, we cannot exclude that possibility that other potential downstream metabolites (e.g., PP-IP 4 ) may also be involved as mediators of this transcription.
Müller et al. (28) further demonstrated that the defect in STAT-mediated transcription caused by loss of Ipk2 could be suppressed by treating cells with Upd-conditioned culture medium. This suggests that Ipk2 functions upstream of the Upd receptor Dome, possibly by regulating the production or secretion of the Upd ligand. To investigate this further, we examined the levels of secreted Upd in cultured cells (30) . Indeed, we found decreased secretion of Upd in cells treated with Ipk2 RNAi (Fig. 4B and Fig. S4B ). This reduction could be rescued by cotransfection with atIpk2, indicating that the decreased Upd was due to the loss of Ipk2 activity (Fig. 4B and Fig. S4B ). Thus, Ipk2 products positively regulate Upd production or secretion.
We next examined the role of Ipk2 in JAK/STAT-mediated proliferation. We used a sensitized transgenic assay to test whether loss of Ipk2 modulates JAK/STAT signaling in the eye (31) . In this assay, Upd is ectopically expressed in developing eye discs under control of GMR-GAL4. This leads to hyperactivation of JAK/STAT-mediated proliferation, causing enlarged eyes in the pharate adults, compared with wild-type eyes (∼40% increase in eye surface area; Fig. 4 C and D, compare 3  and 1) . Using eye size as a readout of JAK/STAT activation, we examined whether the Upd-mediated enlarged eyes could be suppressed in ipk2 mutants. We observed an average ∼50% decrease in eye size in the ipk2 mutants, compared with those expressing the Upd transgene in a wild-type background (Fig. 4  C and D, compare 3 and 4) . This size decrease was unlikely due to the cell death that occurs in ipk2 mutants, because expression of p35 did not relieve the suppression (Fig. 4 C and D , compare 5 and 6). These results indicate that Ipk2 is required for efficient JAK/STAT-mediated proliferation.
We next considered whether JAK/STAT activation could suppress ipk2 developmental phenotypes. The loss of Ipk2 by RNAi causes a reduction in the levels of secreted Upd in cell culture (Fig.  4B ) that can be bypassed by activating downstream components through addition of Upd-conditioned medium (28) . Therefore, if the developmental defects in ipk2 mutants are due to a loss of JAK/ STAT-mediated proliferation, then it may be possible to rescue these phenotypes by activating the JAK/STAT pathway downstream of Upd. To test this, we used a dominant gain-of-function mutant of the JAK kinase Hop (hop Tum-l ), which contains a mutation that causes hyperphosphorylation and hyperactivation of Stat92E (32, 33) . hop Tum-l partially rescued the small wing phenotype of the ipk2 mutant (Fig. 4 E and F) , further suggesting that Ipk2 acts upstream of Hop. However, JAK/STAT activation could not completely rescue this wing phenotype, nor could it rescue ipk2 lethality. Taken together, these results demonstrate that Ipk2 products regulate JAK/STAT signaling to control proliferation in development, yet other processes are also likely involved.
Discussion
Inositol phosphate kinases are highly conserved, underscoring the importance of IP production for both single and multicelled eukaryotes. In particular, Ipk2 and its products serve an essential function for yeast adaptive responses and proper organismal development. Our study of fly Ipk2 provides molecular insights into how production of IP products contributes to developmental programs and cellular homeostasis. Our initial characterization of IP synthesis in Drosophila established that loss or gain of Ipk2 kinase activity had profound effects on cellular levels of IP 4 , IP 5 , and IP 6 in flies (15) . Here, we find that loss of these IP products through deletion of ipk2 results in inviability, and more specifically a "disc-less" phenotype, which causes major defects in the development and maintenance of adult epidermal tissues. Our data are most consistent with a role for proper spatiotemporal IP production during organismal development as a key regulator of proliferative and degenerative signaling pathways. The failure of imaginal disk primordial cells to proliferate and form an epidermis can be partially explained by defective JAK/STAT signaling. Although multiple different processes are likely affected by the loss of IPs to contribute to their essential functions, this work provides a foundation for determining the mechanisms of IP regulation in a metazoan.
Ipk2 Kinase Activity Plays a Key Role in Organismal Development. An important goal of the complementation analysis and genetic studies reported here is to narrow down which of the "multikinase" activities of Ipk2, if any, play a role in development. Our data clearly demonstrate that kinase activity, and therefore the products of Ipk2, are required for imaginal disk development and regulation of signaling pathways. To distinguish which of the products of Ipk2 are responsible, for example water-soluble IP messengers versus lipophilic PIPs, we complemented mutant flies with Arabidopsis Ipk2 because it has been reported to only harbor water-soluble but not lipid kinase activity (11) . From these analyses, we define a kinase-dependent role for watersoluble IP production, but not inositol lipids, in regulating Drosophila development. The ability of heterologous expression of either yeast or plant Ipk2 orthologs, despite their low sequence identity to Drosophila Ipk2, to completely rescue viability and imaginal disk development further supports our hypothesis that it is the conversion of IP 3 to IP 4 and IP 5 that plays an important role in signaling. With respect to proliferation and regulation of JAK/STAT pathways, our data demonstrate that loss of IP 6 production does not account for the phenotypes observed. Our work further pinpoints a role for Ipk2 products IP 4 and IP 5 as regulators of the JAK/STAT pathway; however, given that other inositide metabolites are produced downstream of Ipk2, such as PP-IPs, we leave open the possibility that such messengers may account for some of the phenotypes reported.
The production of IP 4 /IP 5 in many cells requires the hydrolysis of PIP 2 to produce IP 3 and thus raises the question as to whether Ipk2-mediated development is dependent on phospholipase C activity. In budding yeast, it has been possible to delineate this through genetic and biochemical approaches because there is a single phospholipase C gene product Plc1. Drosophila possesses three different isoforms of PLC [NorpA, Plc21C, and Small wing (Sl)] (34), and although triple-deletion mutants have not been reported in the literature, individual PLC mutants show interesting phenotypes, including small wings and rough eyes (35) , similar to the zygotic ipk2 mutant defects we report. Evidence in this study hints at a different mechanism but it is also quite likely that the different PLC orthologs can compensate for each other, confounding interpretation.
JAK/STAT-Mediated Signaling and Cell Proliferation. Previous work implicated Ipk2 as necessary for JAK/STAT-mediated transcription in cultured cells (28) , which prompted us to explore the relationship between this signaling pathway and IP production. We extended this finding by showing that JAK/STAT-mediated transcription requires the production of Ipk2 products, IP 4 and IP 5 , whereas IP 6 production by Ipk1 is dispensable. Further, IP regulation of JAK/STAT occurs through modulation of the production or secretion of the Upd ligand. This is in agreement with the finding that decreased JAK/STAT-mediated transcription caused by knockdown of Ipk2 can be relieved by addition of Upd-conditioned medium (28) . An important next step will be to determine the mechanism by which IPs control the process that leads to Upd secretion.
A significant contribution of this work is the demonstration of a genetic interaction between Ipk2 and JAK/STAT in controlling cellular proliferation. ipk2 mutants suppress JAK/STAT-mediated proliferation during eye development, possibly because of decreased Upd secretion. Conversely, the partial rescue of the ipk2 mutant small-wing phenotype using hop Tum-l indicates that up-regulation of the JAK/STAT pathway can partially overcome an ipk2 mutant phenotype. The gain-of-function hop Tum-l mutant likely rescues ipk2 by bypassing the reduced levels of Upd. Thus, our results provide a partial explanation for why ipk2 mutants have disk proliferation defects.
The interaction between Ipk2 and JAK/STAT raises the question of whether IP production is always required for the signaling pathway. ipk2 phenotypes are reminiscent of the small or absent imaginal discs exhibited by some hop and stat92E mutants (36, 37) . However, modulation of JAK/STAT activity by IPs may be restricted to the imaginal discs, because ipk2 mutants do not seem to have the embryonic segmentation or sex determination defects exhibited by JAK/STAT pathway mutants (38) . Given the multitude of products generated by Ipk2 and the growing number of processes regulated by these products and downstream metabolites, such as inositol pyrophosphates, it is not surprising that ipk2 phenotypes cannot be fully rescued by up-regulation of the JAK/STAT pathway. Further genetic analyses in Drosophila of Ipk1, IP6K, and Vip1 mutants will greatly enhance our ability to further assign the roles of IP 6 and PP-IPs, such as IP 7 and IP 8. Tissue Degeneration and Apoptosis. ipk2 mutants have tissue stability defects, which may be caused by increased apoptosis. For example, ipk2 ZYG eyes become increasingly disordered from posterior to anterior. This coincides with a gradual loss of maternally supplied Ipk2 to rescue the developing eye, because the anterior end of the eye differentiates later in development (39) . Rough eye phenotypes have been previously linked to aberrant apoptosis (40) . Additionally, holes form in the cuticle of ipk2 mutants, providing evidence of tissue degeneration. The apparent defects in tissue stability in ipk2 mutants led us to find that the imaginal discs undergo increased caspase-dependent apoptosis. 
